ABSTRACT: The term 'bioturbation' is frequently used to describe how living organisms affect the substratum in which they live. A closer look at the aquatic science literature reveals, however, an inconsistent usage of the term with increasing perplexity in recent years. Faunal disturbance has often been referred to as particle reworking, while water movement (if considered) is re ferred to as bioirrigation in many cases. For consistency, we therefore propose that, for contemporary aquatic scientific disciplines, faunal bioturbation in aquatic environments includes all transport processes carried out by animals that directly or indirectly affect sediment matrices. These processes include both particle reworking and burrow ventilation. With this definition, bioturbation acts as an 'umbrella' term that covers all transport processes and their physical effects on the substratum. Particle reworking occurs through burrow construction and maintenance, as well as ingestion and defecation, and causes biomixing of the substratum. Organic matter and microorganisms are thus displaced vertically and laterally within the sediment matrix. Particle reworking animals can be categorized as biodiffusors, upward conveyors, downward conveyors and regenerators depending on their behaviour, life style and feeding type. Burrow ventilation occurs when animals flush their open-or blind-ended burrows with overlying water for respiratory and feeding purposes, and it causes advective or diffusive bioirrigation ex change of solutes between the sediment pore water and the overlying water body. Many bioturbating species perform reworking and ventilation simultaneously. We also propose that the effects of bioturbation on other organisms and associated processes (e.g. microbial driven biogeochemical transformations) are considered within the conceptual framework of ecosystem engineering.
INTRODUCTION
The term bioturbation is frequently used in scientific literature to describe how living organisms affect the substratum in (or on) which they live. A search on Web of Science gave > 2650 bioturbation hits in late 2011. The term originates from ichnology, to describe traces of life in fossil and modern sediments, and has subsequently been adopted in soil and aquatic sciences (e.g. Meysman et al. 2006a , Huhta 2007 , Wilkinson et al. 2009 . So, why then ask what bioturbation means? A closer look at the aquatic science lit-erature reveals a diverse usage of the term, particularly with respect to animal activities. In many cases, the original meaning from ichnology is strictly followed, and the term refers solely to the redistribution of particles and the formation of biogenic structures by burrowing animals. In other cases, it is used in the context of all physical disturbances caused by animals on the substratum, including particle (reworking) and water (ventilation) movements. To underline the ambiguity, bioturbation has, in some cases, even been used directly to describe altered microbial processes associated with animal disturbances.
We have therefore decided to assess the term bioturbation and its applications for fauna in aquatic sciences. We start with the historical background of how the term originated in different scientific disciplines and how its usage has evolved through time. In this context, we cover bioturbation broadly from the first studies on reworking mechanisms in ichnology and pedology to its recent usage in describing active displacement of particles and water by fauna in aquatic sediments. Considering this overview and our own experience, we propose a precise and useful definition of faunal bioturbation that is applicable to contemporary aquatic science disciplines -without compromising past studies. We propose that bioturbation acts as an 'umbrella' term to cover all possible transport processes and associated physical modifications by which aquatic animals affect the substratum in (or on) which they live. It is our hope that this effort will prevent future mystification in the aquatic science literature and among scientists working with animal−sediment relations. Although we initially consider ichnology and pedology in our overview, we will only focus on identifying types of particle reworking and burrow ventilation activities that can be classified as bioturbation in contemporary aquatic sediments, where it occurs and by which types of animal. It is here that we feel the need for a rigorous definition is most pressing.
HISTORICAL BACKGROUND
While the definition of the term bioturbation is equivocal in aquatic sciences, the origin of the term is quite clear. Charles Darwin was the first to describe the effects of animals on the structure of the substratum in which they live (Darwin 1881) . He conducted life-long and detailed studies on how earthworms in Staffordshire, UK, brought soil particles from deep layers to the surface and by doing so buried chalk and cinders placed at the surface years before. This central topic of his last book (Darwin 1881 ) is the foundation of what we now consider as bioturbation, yet he did not specifically use the term. In the years to come, a number of researchers were encouraged by Darwin's new research, which resulted in several publications on how fauna and flora affect soil and sediment textures (see review by Johnson 2002) . Some of these late 19th century scientists described their fascination of the large-scale consequences of the relatively modest action of small animals. Although the presence of masses of coiled excrements from lugworms Arenicola marina ( Fig. 1 ) was noted as early as the 16th century (Belon 1555), the first aquatic example that quantified the physical disturbance was by Davison (1891) . He described in detail the amazing amount of sand brought to the surface by 'lobworms ' (i.e. A. marina) and estimated that populations of this worm on the coast of Northumberland, UK, could annually produce up to 3000 tons of faecal casts per acre.
After a gap of about 30 yr, Rudolf Richter's pioneering efforts in the 1920s improved the understanding of traces left by benthic fauna in North Sea tidal flats (e.g. Richter 1927 ). Together with Othenio Abel (Abel 1935) , he provided rudiments of modern descriptive bioturbation by introducing the term 'Lebensspuren' to denote the visual traces of burrowing animals. However, it was 2 decades later that Richter (1952) introduced the term bioturbation to describe fossil biogenic structures found in sedimentary rocks. He defined 'Bioturbaten Textur' as 'alle Texturen um fasst, die einem Sediment oder Boden nach träg lich durch The dramatic effect of A. marina bioturbation (i.e. particle reworking) on sediment topography by subsurface feeding and surface defecation is evident (photo: E. Kristensen) Organismen verursacht worden sind' (Richter 1952, p. 68) , i.e. that bioturbated textures include all structures in a sediment or soil that have been caused by activities of living organisms. Richter (1952) also separated the term bioturbation into phytoturbation (traces in soil caused by growing plants) and zooturbation (traces of burrowing animals in sediment). This subdivision of bioturbation has, however, never gained much support in the literature. The same year, bioturbation appeared for the first time in the title of an ichnology paper by Schäfer (1952) where he described faunal traces in intertidal marine sediment.
The term bioturbation was soon adopted from ichnology by other scientific disciplines (e.g. pedology and aquatic sciences), and its usage escalated rapidly during the 1960s and 1970s. It was used in pedology to describe biological processes by animals and plants that physically disrupt soil horizons and alter soil properties (e.g. Blum & Ganssen 1972 , see also review by Johnson 2002) . Thus, terrestrial plants can affect soils in a manner analogous to animal burrow construction by establishing root structures that can disrupt soil horizons and break up bedrock. In aquatic sciences, it was primarily applied to describe effects of animal particle reworking and biogenic structures on biological, ecological and biogeochemical properties of modern sediments (e.g. Rhoads 1967 , Winston & Anderson 1971 . Water transport induced by fauna (i.e. burrow ventilation, irrigation, or bioirrigation) was not at this early stage fully considered an integrated part of bioturbation.
The word ventilation as a term to describe how sediment-dwelling aquatic animals flush their burrows originates from the physiological literature and refers to the respiratory need for pumping oxic water. This terminology was adopted by the first physiologists studying the respiratory movements by the poly chaetes Arenicola marina (van Dam 1937) and Nereis virens (Lindroth 1938) . A divergence arose a few years later when G. P. Wells published a series of excellent papers on the nervous and respiratory system of A. marina (e.g. Wells 1945 Wells , 1949 . For unknown reasons he denoted the respiratory pumping by this polychaete as irrigation -which otherwise describes watering of agricultural areas or medical washing of wounds. Subsequently, both terms were used frequently in aquatic physiological and ecological literature (e.g. Mettaw 1969 , Gamble 1970 , Hoffmann & Mangum 1972 , Foster-Smith & Shillaker 1977 -and some authors even switched between ventilation and irrigation (Dales 1961 , Dales et al. 1970 . No consensus for a common usage and distinction between them has ever been reached. Instead, the term irrigation gradually changed to bioirrigation in the aquatic science literature of the early 1990s (e.g. Sweerts et al. 1991 , Marinelli 1992 , while some authors also changed the meaning to describe the impact of burrow ventilation on sediment pore water chemistry (e.g. Hüttel 1990 ).
HOW SOILS AND SEDIMENTS DIFFER
Recently, a number of excellent reviews on the present state of bioturbation research in soils and sediments have been published (e.g. Meysman et al. 2006a , Huhta 2007 , Wilkinson et al. 2009 ). They all acknowledge Darwin for his pioneering work and provide new insights from the modern ecological theory where bioturbation is now recognized as an archetypical example of 'ecosystem engineering' by modifying, for example, geochemical gradients and redistributing food resources. They also emphasize that the use of bioturbation in soils and sediments is related to enhanced dispersal of particles by animal and plant activities, but do not fully embrace the unique biogenic water transport by faunal burrow ventilation in aquatic environments.
While bioturbation in terrestrial soils and aquatic sediments have many traits in common regarding particle reworking, they differ when it comes to water transport and gas exchange. Soils are exposed to air most of the time and are usually well-aerated to decimetre or metre depths (Bachmann & van der Ploeg 2002 , Reynolds et al. 2009 ). They contain water as moisture and are rarely water saturated, which allows oxygen penetration to deep horizons through air-filled pores (Feng et al. 2002) . Animal burrows and plant roots act as large pores that augment water infiltration during heavy precipitation periods and improve direct gas exchange with the atmosphere (Ernst et al. 2009 ). Thus, bioturbation-enhanced transport of water and exchange of gases in soils are primarily driven by passive physical processes, such as gravity and diffusion, and as such cannot be considered active ventilation.
Aquatic sediments, on the other hand, are fully water saturated and, except for intertidal areas, permanently covered with water. Since air-saturated water contains roughly 30 times less oxygen that diffuses about 10 000 times slower than in air, aerobic organisms buried into sediments face severe challenges. Near-coastal sediments are usually anoxic except for the upper few millimetres where oxygen is supplied by diffusion (Glud 2008) . Buried organisms must therefore develop special strategies to over-come anoxic (and even sulfidic) conditions. Most animals have evolved mechanisms by which they actively ventilate their burrows with oxygenated overlying water, but the mechanism and magnitude are only known for a select number of conspicuous species (Kristensen & Kostka 2005) . Aquatic plants do not perform active ventilation, but have instead developed air-filled tissues (aerenchyma) where oxygen can diffuse rapidly to roots deep in anoxic sediments (Colmer 2003 , Purnobasuki & Suzuki 2005 .
OUR DEFINITION
Bioturbation is today a widely applied standard term in aquatic sciences, yet no consensus on its definition for fauna has been reached, and most studies use it implicitly for their own purpose. Although the term should describe all physical disturbances caused by animals on and in the substratum, it often refers to particle reworking only. Water transport by burrow ventilation is instead commonly denoted separately as bioirrigation. It is not appropriate to have several imprecise definitions for physical disturbances by animals within the same framework but without a common denominator.
In the present context, bioturbation is such a denominator and acts as an 'umbrella' term that covers all faunal transport activities physically disturbing the substratum (Fig. 2) . It is separated into activities by animals that directly move and mix particles by the process of reworking (Solan & Wigham 2005 , Maire et al. 2008 ) and/or directly move water through burrows by the process of ventilation (Kristensen & Kostka 2005 , Meysman et al. 2006b ). Thus, for a proper consensus, we propose that faunal bioturbation in aquatic environments is defined as all transport processes carried out by animals that di rectly or indirectly affect sediment matrices. These processes include both particle reworking and burrow ventilation (Fig. 2) . Active particle reworking involves faunal displacement and biomixing of particles and includes burrowing, construction and maintenance of galleries, as well as ingestion and defecation of particles. Not all of these processes result in homogeneous biomixing because mechanisms such as particle sorting during feeding, confined faecal deposition sites and tube formation can create sediment zones with different granulometry, porosity and organic content. Furthermore, collapse and infilling of abandoned dwellings can be considered indirect (passive) bioturbation. Biomixing can be either of a local na ture, where frequent displacement of individual particles occurs randomly over very short distances (Boudreau 1986a) , or of a non-local nature, with particles moving over longer distances in dis- crete steps (Boudreau & Imboden 1987 , Meysman et al. 2003 ) ( Table 1 ). Depending on their mode of reworking, animals can be categorized as biodiffusors, upward conveyors, downward conveyors and regenerators (Boudreau 1986a ,b, Gardner et al. 1987 , François et al. 1997 , 2002 . Because of reworking, or ganic matter and microorganisms are displaced (biomixed) within the sediment matrix. Ventilation occurs when animals flush their open-(2 or more openings at the surface) or blind-ended (only 1 opening) burrows with overlying water for respiratory and feeding purposes, and it causes non-local bioirrigation with rapid transport of solutes out of burrows to the overlying water body (Kristensen 2001 , Shull et al. 2009 ) ( Table 1 ). The local solute transport around burrows is also driven by ventilation, and is either of an advective nature via generated pressure or a diffusive nature via increased concentration gradients. Advective pore water bioirrigation occurs primarily in permeable sandy sediments, while diffusive bioirrigation usually predominates in less permeable cohesive sediments as radial diffusion between the burrow lumen and the surrounding sediment. For simplicity and clarity, particle reworking and burrow ventilation are treated separately here, because the driving mechanisms and their consequences for the sediment matrix are quite different. However, it is evident that many species modify their environment through both processes simultaneously by displacing particles and, at the same time, ventilating their burrows (Vopel et al. 2003 (Vopel et al. , 2007 .
We do not include biodeposition as a bioturbation activity per se, but consider it a parallel concept with its own definition (Graf & Rosenberg 1997) . Thus, bioturbation is an active physical modification of the substratum by animals, while biodeposition en hances particle accretion at the sediment− water interface, which in many cases is driven passively by gravity. Biodeposition typically occurs when, for example, mussel and oyster beds act as biological filters that concentrate suspended particulate matter from the water column as faeces and pseudo faeces. These aggregated 'bio deposits' are heavier than their constituent particles and settle rapidly on the seafloor beneath the bed (Mitchell 2006 , Forrest et al. 2009 ). Conversely, active surface and subsurface defecation by burrow-dwelling organisms and associated non-local mixing of ingested sediment and detritus must be considered an integrated part of our definition of bioturbation. These activities are in many cases the main drivers of sediment particle reworking. The importance of both biodeposition and bioturbation as ecosystem engineering functions was stressed recently by Mermillod-Blondin (2011). He also considered these 2 concepts as separate processes, but argued that they are both major modulators of microbial activities and biogeochemical processes in aquatic environments.
PARTICLE REWORKING AND BIOMIXING
As defined above, particle reworking includes all activities by animals that directly move and mix particles horizontally or vertically in the sediment. The 4 major categories of reworking organisms, as modified from François et al. (1997) and Solan & Wigham (2005) , will be briefly described in the following sections and illustrated by representative examples.
Biodiffusors
Biodiffusors (Fig. 3A) include organisms with activities that usually result in a constant and random local sediment biomixing over short distances resulting in transport of particles analogous to molecular or eddy diffusion. This mode of reworking can be divided into 3 subgroups depending on the life habits of the involved organisms: (1) Epifaunal bio diffusors ( Table 1 . Overview of bioturbation modes and their effect on the sediment matrix, transport (trans) process, sediment type and transport type. Particle reworking causes biomixing, which can be local by burrowing with frequent and random displacements over short distances or non-local by deposit feeding with discrete particle movement over longer distances. The local displacement occurs as diffusive-like transport, while the non-local causes long-distance upward or downward particle motion. Burrow ventilation causes bioirrigation, where the long-distance flushing of solutes within burrows occurs non-locally. The associated local pore water solute transport in sediment surrounding burrows can occur as radial molecular diffusion (diff) or pressure-induced advective pore water flow depending on the sediment type and its permeability ited to near-surface sediments and generally redistribute fine particles randomly over very short distances along the surface. , which is 150 times more than the volume they ingest (Lohrer et al. 2005) . Furthermore, Gilbert et al. (2007) showed that populations of the brittle star Amphi ura filiformis, the spatangoid Echino cardium cordatum, the polychaete Scalibregma infla tum and the bivalve Abra nitida (total for all ) mix sediment down to 3−4 cm depth with biodiffusion coefficients ranging from 1 to 2 cm 2 yr −1
. (3) Gallery biodiffusers ( Fig. 4C ) are burrow-dwelling organisms that conduct diffusive local biomixing of particles primarily due to burrowing activity within the upper 10 to 30 cm of the sediment. They may ultimately account for vertical transport of particles from the upper regions of the sediment to the lower limit of burrow penetration. Typical gallery biodiffusors, such as many polychaetes, are responsible for extensive burrow networks that connect to the surface. Nereis (Hediste) diversicolor and Marenzelleria viridis, for example, displace particles downward at an exponentially de creasing rate with depth in the sediment. The biodiffusion coefficient for populations (~1000 ind. m −2 ) of these surface deposit-feeding species is also typically 1 to 2 cm 2 yr −1 (François et al. 2002 , Duport et al. 2006 , Quintana et al. 2007 ).
Upward conveyors
Upward conveyors (Fig. 3B ) are vertically oriented species that typically feed head-down at depth in the sediment. They transport particles from deep hori zons to the sediment surface. The particles are actively moved non-locally upwards either when passing through the gut or when subsided material is ejected by water bursts during clearance of the ingestion cavity. Subsequently, the particles are returned to depth by gravity (a local advective process) as subsurface feeding voids are filled with sediment from above. Examples of head-down species are the lugworm Arenicola marina (Cadée 1976) , the bamboo worm Clymenella torquata (Dobbs & Whitlatch 1982) and thallassinid shrimps (Pillay & Branch 2011) . A. marina is one of the most conspicuous up ward conveyors in shallow and intertidal sandy sediments along northwestern European coasts (Beukema & De Vlas 1979 , Riisgård & Banta 1998 , Valdemarsen et al. 2011 . It lives in deep J-shaped burrows where it ingests considerable amounts of nutrient-poor sediment from the feeding pocket in the blind end of the burrow. As a result sediment sinks downward in front of the head forming a funnel at the sediment surface. Periodically, the worm moves back ward in the burrow and defecates characteristic castings at the sediment surface (Fig. 1) . The amount of sediment displaced by A. marina is impressive (Fig. 5) and populations (~50 ind. m −2 ) have been estimated to completely mix the sediment to a depth of 20 to 40 cm every year (Riisgård & Banta 1998 , Valdemarsen et al. 2011 . Due to its inability to ingest particles larger than ~1 mm, gravel and shells gradually sink below the mixing depth forming a distinct layer (i.e. graded bedding) underlying well sorted sand (Jones & Jago 1993) . The amount of deep sediment moved to the surface by callianassid shrimps is even more impressive than that of A. marina. For example, the rate of sediment turnover by a population of Callichirus kraussi is ~12 kg m −2 d −1 (Branch & Pringle 1987) . As a consequence, large mounds are formed that can be up to 5 cm tall and 15 cm wide at the base (Pillay & Branch 2011) .
Downward conveyors
Some downward conveyors (Fig. 3C ) exhibit a feeding strategy opposite to that of upward conveyors. Vertically oriented head-up feeders actively select and ingest particles at the surface and egest these non-locally as faeces in deeper sediment strata. Non-selective upward particle movements through continuous burrow construction and maintenance ). Beads of different colour (purple, white and green) were initially placed at 0, 7.5 and 15 cm depth in the sediment (points shown to the right represent these Day 0 positions). The beads that were too large for A. marina ingestion peaked after 36 d at: 4.5 cm depth (purple, drawn with blue), 11.5 cm depth (white, drawn with black), 18.5 cm depth (green). Accordingly, the burial rate was 3 to 4 cm mo −1
. Values are given as means (± SD). The dashed horizontal line indicates the sediment surface (Valdemarsen et al. 2011) create space to accommodate the deposited faecal material (Shull 2001) . For example, the cirratulid polychaete Cirriformia grandis (Fig. 6 ) feeds on surface deposits using its tentacles and defecates at several centimetres in depth within its burrow (Shull & Yasuda 2001) . However, many upward conveyors such as the previously mentioned maldanid bamboo worms may also drag fresh surface material down their tube (Dobbs & Whitlatch 1982) . Sediment ingestion by these subsurface deposit-feeders creates space at the bottom of their tubes, which is subsequently filled with surficial sediment by hoeing. This behaviour explains the presence of viable diatoms to depths of 14 cm in sediment inhabited by the maldanid Praxillella sp. (Levin et al. 1997) . Non-local downward transport may thus be responsible for otherwise unexplained subsurface peaks in sediment organic matter and tracer profiles (Fig. 7) .
Regenerators
Regenerators (Fig. 3D ) are excavators that dig and continuously maintain burrows in the sediment, and by doing so transfer sediment from depth to the surface. The excavated sediment is replaced either by surface sediment through current-driven infilling or by collapse of burrow walls. Ghost crabs Ocypode spp. and fiddler crabs Uca spp. are typical examples of re generators (Fig. 8) . Their burrows function as a refuge from predation and adverse environmental conditions. Fiddler crab burrows, for example, may easily reach >10 cm depth (volume of > 40 cm ). Glass beads were initially placed at the sediment surface. Blue line: initial profile of beads 1 h after deployment; black line: the profile 99 d after deployment. Values are given as means (± SD). The dashed line indicates the sediment surface (modified from Shull & Yasuda 2001) the sediment surface, and when abandoned, burrows are filled by surface material; (2) removal-andcollapse, where the infilling occurs by collapse of the burrow walls; and (3) partial-compaction-andcollapse, where part of the excavated sediment is packed into the burrow wall and abandoned burrows subsequently collapse.
Reworking and biomixing consequences
The rate by which particles are physically moved by individual species within each type of reworking mode is a function of the relative capacity, i.e. abundance, size, mode and activity, of the species to disturb the sediment matrix. By compiling the contribution of these attributes for all species involved, the total reworking by an assemblage can be readily determined (Solan et al. 2004 ). The various modes of reworking have nevertheless different effects on the vertical distribution of organic matter, particle sorting and grain size distribution in the sediment column. While most biodiffusors and regenerators simply move organic particles around through burrowing activities, the upward and downward conveyors in most cases ingest organic particles and move them through their guts (Table 1) . Particle se lectivity and gut passage may alter the chemical and physical properties of the receiving environment (Neira & Hopner 1993 , Wild et al. 2005 . Labile organic particles from surface sediments delivered as biodeposits in subsurface sediments and vice versa may therefore modify the overall biogeochemical reactivity of the sediment and thus its biological functioning. The transfer of labile organic matter from oxic surface to anoxic subsurface sediment may enhance the subsurface degradation activity, while the volume-specific activity of the displaced organic matter is diminished. Conversely, de gradation of subsurface organic matter is en hanced up to 10-fold when lifted to the oxic sediment surface (Kristensen & Holmer 2001) . Consequently, these different reworking modes create a dynamic and heterogeneous chemical, physical and biological sediment environment that varies over a range of temporal and spatial scales, depending on the species composition and abundance of the benthic community.
BURROW VENTILATION AND BIOIRRIGATION
Ventilation by burrow-dwelling animals creates rapid exchange of water between the overlying water and subsurface sediment. The water exchange is subsequently the driving force for bioirrigation, i.e. enhanced transport of pore water and associated solutes in the sediment surrounding the burrow. and H 2 S, within sediments and across the sediment− water interface is mediated by molecular diffusion without fauna. This is a relatively slow process over millimetre to centimetre scales that is driven solely by vertical concentration gradients. Ventilation by bur rowing macrofauna disrupts the diffusional gra dients and strongly affects transport conditions within sediments. The associated bioirrigation or enhancement of solute transport can exceed the transport by molecular diffusion by as much as an order of magnitude. The actual extent of the enhancement depends on factors such as infaunal community composition and sediment type (Aller 2001 , Kristensen 2001 , Meysman et al. 2006b , Shull et al. 2009 ). The mechanism and rate by which infauna ventilate burrows vary considerably within and among taxonomic groups. Many polychaetes and insect larvae use muscular sinusoid undulations or peristaltic movements of the body to move water head-or tailwards in the burrow (Barrow & Wells 1982 , Riisgård & Larsen 2005 , Morad et al. 2010 . Bivalves, heart urchins and some polychaetes are dependent on ciliary action (Specht & Lee 1989 , Riisgård & Larsen 2005 , while many crustaceans use forceful beating of pleopods to create the water currents (Forster & Graf 1995 . The rate of burrow ventilation by each species depends on the purpose, such as respiratory gas exchange, food filtration, gamete transport, transport of environmental stimuli and removal of metabolic wastes (Aller 1982 , Kristensen 2001 . Suspensionfeeders, for example, need to process large amounts of water to satisfy their demand for food, while deposit-feeders ventilate considerably less and in many cases only to satisfy their respiratory need (Christensen et al. 2000) . The associated effect of bioirrigation on pore water solutes is, however, not only dependent on the ventilation rate, but also on the morphology of the burrow, i.e. if it is open-or blindended (Fig. 9) . It is obvious that open-ended, Ushaped burrows can be flushed easily from one end to the other with a minimum of energy expenditure in all types of sediment. Blind-ended, I-shaped burrows are flushed uni-or bidirectionally depending on the permeability of the sediment. The following examples focus on well-known representatives of the 2 major types of burrow ventilation, with emphasis on the associated pore water bioirrigation.
Open-ended burrows (Fig. 9A) are common for burrow-dwelling polychaetes, chironomid larvae and thalassinid shrimps that construct U-or Yshaped galleries with 2 or more openings. These are typically ventilated from head to tail by sinusoidal body undulations or by beating pleopods (Riisgård & Larsen 2005 , Morad et al. 2010 . Ventilation by species belonging to the genus Nereis (Fig. 10) , for example, is intermittent, with active and quiescent periods in a rhythmic fashion (Kristensen 2001) . The exact ventilation cycles, however, differ between species. The deposit-feeding N. virens is active for about 20% of the time with 5 to 10 min ventilation periods followed by 20 to 30 min inactivity (Scott et al. 1976 , Kristensen 1989 . Its cousin, the suspensionfeeding N. diversicolor is considerably more active. It remains active for at least 50% of the time, only interrupted by very short periods of inactivity in a very regular pattern. A 400 mg wet wt individual of N. diversicolor ventilates its burrow during suspension feeding at a time-averaged rate of 3.1 ml min −1 , which is about 10 times faster than a similar-sized individual of N. virens (Christensen et al. 2000 ). Suspension-feeding larvae of the freshwater insect Chironomus plumosus exhibit even higher weight-specific ventilation than N. diversicolor. Thus, individual larvae (up to 50 mg wet wt) can ventilate their burrows intermittently at a rate of ~3 ml min −1 (Morad et al. 2010) .
Ventilation patterns of thalassinid shrimps within the families Upogebiidae and Callianassidae tend to be different, with the former actively pumping up to 50% of the time in association with its filter-feeding behaviour (Dworschak 1981) , whereas the latter is far less active, spending roughly 8% of the time ventilating for mainly respiratory purposes (Stamhuis et al. 1996) . Ventilation rates of 30 to 50 ml min −1 have been reported for adult individuals (~5 g wet wt) of the upogebiids Upogebia pusilla and U. major (Dworschak 1981 , Koike & Mukai 1983 , whereas rates of 0.6 to 5.5 ml min −1 are typical for similar-sized individuals of the callianassid Nihonotrypaea japonica (Mukai & Koike 1984) . The presence of ventilated burrows transforms the otherwise vertical 1-dimensional diffusive transport in sediments into a spatially 3-dimensional vertical and radial bioirrigation transport (Aller 1980 , Shull et al. 2009 ). Solute transport within the sediment matrix occurs by molecular diffusion, and solutes enter or leave the sediment both at the sediment−water interface and across burrow walls (Meysman et al. 2010 ). The role of ventilated burrows is therefore to increase the effective surface area available for exchange (diffusive bioirrigation) and to rapidly flush solutes into or out of the sediment through the burrow lumen. This mechanism applies particularly to water-impermeable cohesive sediments where eddy diffusion (or pore water advection) is negligible. In sandy sediments, however, vigorous ventilation by burrow-dwelling invertebrates may cause pore water advection (advective bioirrigation) to override molecular diffusion along burrow walls and thus enhance solute transport considerably (Meysman et al. 2006b ). Accordingly, Kristensen & Hansen (1999) showed that advective bioirrigation dominates in the bioturbated zone and molecular diffusion below this depth in permeable sandy sediment inhabited by Nereis diversicolor, while diffusive bioirrigation is the dominating transport in the bioturbated zone of impermeable muddy sediment inhabited by the same species.
Blind-ended burrows (Fig. 9B,C) are the most common burrow type for conveyor-feeding and tentacular-or crown-bearing suspension-feeding polychaetes. They typically embed their body in vertical I-or J-shaped burrows. Such blind-ended burrows can be problematic when their inhabitants need to ventilate for respiratory purposes. Many species have the capacity to propel water into the burrow by locomotory peristalsis of the body (Mangum 1964 , Mettaw 1969 , Giangrande 1991 . It is not fully clear how the exchange of water occurs for many malda nid and terebellid species occupying impermeable co hesive sediments, but it probably occurs through relatively slow internal circulation or bidirectional water flow within the burrow (Fig. 9B ). Under these circumstances solute exchange across the burrow wall must be driven by diffusive bioirrigation (Shull et al. 2009 ). For species with blind-ended burrows in permeable sediments, on the other hand, the ventilation is often sufficiently forceful to allow unidirectional percolation (advective bioirrigation; Fig. 9C ) through sediment interstices and back to the surface (Wethey et al. 2008) . These species are often adapted to life in permeable sandy sediments as they usually avoid or even die in cohesive sediments of low permeability (Meysman et al. 2005) . The sedentary and upward-conveyor Arenicola marina is a classic example of a species that induces advective bioirrigation (Fig. 11) . Burrow ventilation at a rate of 2 to 4 ml min −1 for adult individuals (2 to 4 g wet wt) is driven from tail to head by peristaltic movements of the body wall (Krüger 1971) . Water that enters the burrow through the tail opening at the surface is forced into the sediment in front of the head and percolates up through the feeding funnel (Timmermann et al. 2002 , Meysman et al. 2005 ). The ventilation activity of A. marina occurs in steady cycles of 40 to 60 min duration. Recently, Volkenborn et al. (2010) showed that the cyclic positive and negative pressure changes and hydraulic pulses created by A. marina may result in bidirectional pore water flow and highly dynamic redox oscillations within the sediment on the time scale of minutes. Advective bioirrigation of pore water has a more dramatic and deeper influence on solute transport than diffusive bioirrigation . Most studied cases show vertical solute profiles with a much lower build-up of reduced metabolites than is possible if molecular diffusion or diffusive bioirrigation were the only transport mechanisms. An excellent example is the spionid polychaete Marenzelleria viridis that lives in blind-ended burrows in sandy sediment. This species performs 2 types of ventilation: (1) headward muscular pumping of water out of the burrow and (2) tailward ciliary pumping of water into the burrow. The ciliary ventilation occurs at about 0.16 ml min −1
, and the muscular pumping, at 0.15 ml min −1 , providing advective pore water bioirrigation (Fig. 12) at a net rate of only 0.01 ml min −1 for 250 mg wet wt individuals . On a population scale (1200 ind. m −2 ), the slowly upward percolating pore water nevertheless enables an efficient advective bioirrigation of reduced solutes out of the sediment. The removal of solutes is much faster than by diffusive bioirrigation in the presence of a similar-sized Nereis diversicolor population ventilating open-ended burrows at a 2 orders of magnitude faster rate . The resulting pore water concentrations of, for example, HCO 3 -in M. viridis sediment are barely higher than the overlying water level down to almost 20 cm depth (Fig. 13) .
Both open-and blind-ended burrows may experience passive ventilation driven by currents or tides when at least one of the openings is raised above the surface, usually as a mound (Stieglitz et al. 2000 , Munksby et al. 2002 , Meysman et al. 2007 ). Water passing the mound creates a pressure difference between burrow openings and, thus, induces water flow through the burrow. Passive ventilation can be comparable to or higher than active ventilation by animals in areas with strong currents and large topographic features such as mounds and tidal creeks (Ray & Aller 1985 , Ridd 1996 .
BIOMIXING BY BURROW VENTILATION AND BIOIRRIGATION BY PARTICLE REWORKING
Substantial amounts of particles may be transferred from the overlying water and mixed deep into the sediment when burrow-dwelling suspensionfeeders and other species ventilate turbid water into burrows (Riisgård 1991 , Nickell & Atkinson 1995 , has the ca pacity to retain phytoplankton at a rate of 134 mmol C m −2 d −1 in its burrow (Christensen et al. 2000) . Much of the retained organic carbon is captured by secreted mucus nets that are later ingested by the worms (Riisgård 1991) . Without suspension feeding, an unknown fraction of suspended particulate matter (SPM) entering open-ended burrows is probably also captured by the sticky mucus walls (Griffen et al. 2004) , while 100% SPM must be retained in blind-ended burrows. At a concentration of, for example, 10 mg SPM l −1 , which is realistic for shallow coastal areas (Canal-Vergés et al. 2010) , the above-mentioned N. di versicolor population can, with a 50% retention efficiency, move up to 13 g SPM m −2 d −1 from the over ly ing water and deep into the sediment. This is a re markable amount since its particle reworking through burrowing activities has been estimated at 38 g m −2 d −1 (Kristensen 2001 ). An Arenicola marina population (50 ind. m −2 ) in the same area ventilating at a rate of 160 l m −2 d −1 (Kristensen 2001) , on the other hand, only traps 1.6 g SPM m −2 d −1 inside its blind-ended burrow, which is much less than the several kilograms of sediment reworked by populations of this species per day (Riisgård & Banta 1998 , Valdemarsen et al. 2011 . Nevertheless, active ventilating infauna are capable of substantial downward particle transport, which in some cases must be considered significant particle reworking.
Conversely, when organisms move particles by reworking activities, they also move the pore water associated with the particles. The volume of water processed in this way depends on sediment porosity, which typically ranges from 30 to 60%. Thus, about half the volume of reworked sediment can potentially consist of pore water. Pore water advection associated with particle mixing can be directed upwards, downwards and laterally depending on the type of organism involved. The quantity of sediment (and thus pore water) moved by reworking is, however, orders of magnitude less than the volume of water ventilated by most burrow inhabitants (Aller 1982 , Kristensen 2001 , Quintana et al. 2007 ). The chemical effect of such pore water advection may be important, however, as it, in many cases, is of non-local nature and, therefore, can move oxidized compounds rapidly over long distances to deep and reduced sediment layers and vice versa. Not much quantitative information is available on this process, but it is a possible type of bioirrigation in bioturbated sediments.
BIOTURBATION AND ECOSYSTEM ENGINEERING
From an ecological perspective, bioturbation is coupled to physical processes and associated chemical changes related to movement of particles or water. The important biological and biogeochemical consequences of bioturbation must be considered in a larger context, such as within the framework of ecosystem engineering as pointed out by Meysman et al. (2006a) .
Ecosystem engineering was introduced as a concept more than a decade ago by Jones et al. (1994) . They stated that organisms can be considered as ecosystem engineers when they 'directly or indirectly modulate the availability of resources to other species, by causing physical state changes in biotic or abiotic materials. In so doing they modify, maintain and/or create habitats' (Jones et al. 1994, p. 374) . Thus, a critical characteristic of ecosystem engineers is that they must change the quality, quantity and distribution of resources used by other species.
This is exactly what happens when bioturbating organisms act as agents that modify microbially driven biogeochemical activity in sediment environments. Bioturbation can affect biogeochemical reactions by changing the availability of re sources for microbes (e.g. carbon and nutrients) or by changing abiotic conditions affecting microbial re action rates (e.g. redox and temperature) (Gutierrez & Jones 2006) . Accordingly, D'Andrea & DeWitt (2009) and Pillay & Branch (2011) have shown that bioturbating thalassinid shrimps are important eco system engineers that exert major influences over eco system processes and community structure. Their burrowing and ventilation activities substantially affect sedimentary and biogeochemical properties and processes, translating into both positive and negative effects on co-occurring organisms spanning bacteria, micro algae, meiofauna, macrofauna and seagrasses and possibly up the food chain to fish and birds.
The heterogeneity and activity of microbial and biogeochemical reactions in any patch are therefore controlled by processes that change transport conditions (particle reworking and burrow ventilation) as indicated by the conceptual model shown in Fig. 14 . The activity of bioturbating organisms alters the micro bial communities of patches by affecting the availability or chemical state of substances by active transport of particles or water. The state change of particle transport is driven by reworking processes by the bioturbator (Fig. 14, Process 1) . When particles are redistributed by biomixing (Fig. 14, Process 3) , their state can be modified chemically by, for example, redox changes and become available for other organisms. The state change caused by ventilation occurs when the bioturbator actively pumps water in and out of the sediment through burrows (Fig. 14,  Process 2) . The associated bioirrigation (Fig. 14, Process 4) may modify the chemical state of pore water solutes and thus affect microbial processes within the sediment. Bioturbation effects on sediment biogeochemistry also occur simply by the redistribution of particles and water, without associated chemical state changes. As all these state processes are active simultaneously for many bioturbating species, the resulting interactions cause dramatic and complex changes in the location and magnitude of early diagenetic reactions and modify the resident microbial community structure (e.g. Banta et al. 1999 , Marinelli et al. 2002 , Papaspyrou et al. 2006 . As a consequence, the cycling of redox sensitive elements, notably nitrogen, sulphur and iron, may be intensified (Mayer et al. 1995 , Gilbert et al. 2003 , Gribsholt et al. 2003 , Nielsen et al. 2004 .
Instead of ecosystem engineering, the above-mentioned effects have often in the past been associated directly with the term bioturbation. However, in its strict sense as we propose, bioturbation refers only to the physical displacement of particles and water caused by macrofaunal reworking and ventilation activities in sediments, and not to the associated effect on the microbial drivers of biogeochemistry. The conceptual framework of ecosystem engineering, on the other hand, elegantly emphasizes the coupling between bioturbation as defined here and ecological processes. We hope that both terms now will be used together in their more stringent forms, thus eliminating any future uncertainty in the scientific literature.
Acknowledgements. We thank the participants of the 2nd and 3rd Nereis-Park conferences for inspiring and constructive discussions on how to define bioturbation. We owe particular gratitude to Franck Gilbert and Stefan Hulth for their initial engagement in this project. We also thank Robert C. Aller and 4 reviewers for their critical but constructive comments and feedback on our conceptual framework. This research was supported by the Danish Research Agency (Contracts 272-08-0577, 09-071369 and 09-063190/ DSF). G.P. bating infauna act as ecosystem engineers and affect biogeochemical activity in sediment environments. The first feature includes particle transport (i.e. reworking). The state change (i.e. change of particle location) is driven by processes such as burrowing and deposit feeding by the bioturbator (Process 1). When particles (substances) are biomixed their state can be modified chemically regarding, for example, degradability and redox conditions (Process 3). The modified substance (e.g. faeces) may become available for other organisms, e.g. detritivores and decomposers. The second feature is related to water transport (i.e. ventilation). The state change means that active burrow ventilation by the bioturbator moves water in and out of burrows (Process 2). Bioirrigation may modify the chemical (e.g. redox) state of pore water (substance) surrounding burrows by removal of toxic metabolites and introduction of oxygen (Process 4), and thus provide new interfaces with enhanced microbial activity within the sediment. Part of the bioturbation effect on sediment biogeochemistry may also occur directly by transport processes, i.e. redistribution of particles and water, without associated chemical changes 
